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In the previous experiments, the mechanism of GN action was examined by using Ussing chamber and sac preparation, in which both sides of the intestinal epithelium were bathed with identical normal Ringer solutions (NaCl Ringer hereafter) to eliminate the paracellular movement of ions and water by simple diffusion across cell-to-cell junctions. Under such symmetrical conditions, GN inhibited Na-K-Cl transport system (named NKC system here) in Ussing chamber (42) and thus water absorption (5) in the seawater eel intestine. The NKC system referred to here consists of Na ϩ -K ϩ -2Cl Ϫ cotransporter 2 (NKCC2) and K ϩ channel on the apical membrane and Na ϩ /K ϩ -ATPase and Cl Ϫ channel on the basolateral membrane of absorptive epithelia and plays an essential role in water absorption and serosa-negative transepithelial potential difference (PD) of marine teleost intestine (1, 15, 36) . In addition, a Cl Ϫ /HCO 3 Ϫ exchanger (SLC26A6) and probably a Na ϩ /H ϩ exchanger (SLC9A3) are also involved in NaCl absorption and Mg/CaCO 3 precipitation that promote water absorption (14, 21) although GN actions on these transporters are yet unknown. The GN effects on the inhibition of NaCl and water absorption obtained in the symmetrical conditions seem to be counterproductive to marine osmoregulation.
It must be noted, however, that NaCl Ringer solutions used on both sides of intestinal epithelium do not represent the in vivo condition of the marine teleost intestine. The luminal fluids collected from the intestine of various marine teleosts consist of low concentrations of Na ϩ and Cl Ϫ and high concentrations of Mg 2ϩ and HCO 3 Ϫ (13). Similar results are obtained in the intestine of eels acclimated to seawater (38) , where SO 4 2Ϫ is also high (39) . Therefore, the present studies were performed under a simulated in vivo condition of seawater eels, where the mucosal side is in MgSO 4 Ringer and the serosal side is in normal NaCl Ringer. The present study was aimed to elucidate the role of GN in ion and water absorption in marine teleost intestine under the asymmetric condition. Specifically, new target transporters of the downstream effects of GN were sought because the previous study showed that GN further decreased serosa-negative PD after blocking the NKC system with bumetanide (5). Therefore, all experiments were performed after blocking the NKC system with bumetanide in the present study.
When the mucosal side was bathed with MgSO 4 Ringer, a high serosa-negative potential was observed even after bumetanide treatment, and GN depressed this high PD, as in the previous study under the symmetrical condition of NaCl Ringer on both sides and without bumetanide treatment (5) . This shows that GN acts on transporters that are not involved in the NKC system of seawater eel intestine. In the initial part of this study, therefore, the mechanism of high serosa-negative PD observed under the asymmetrical condition (luminal MgSO 4 Ringer) was analyzed. Then the mechanism of the GN action on PD was sought using various Cl Ϫ channel blockers because, in mammals, GN acts on the cystic fibrosis transmembrane regulator (CFTR) Cl Ϫ channel (9) . Finally, the GN action was confirmed in the sac preparation under the asymmetric condition. By combining these results, we proposed a schema on the possible actions of GN on transport function in seawater eel intestine, and we discuss its role in seawater acclimation.
MATERIALS AND METHODS
Cultured Japanese eels, Anguilla japonica, weighing around 200 g, were purchased from the local eel breeder (Yamakine, Chiba, Japan) and kept in seawater aquaria of the Atmosphere and Ocean Research Institute at 20°C for more than 1 wk without food. On the experimental day, the intestine was removed after decapitation and stripped off its serosal muscle layers as described previously (2) . The anterior region and the rectum were not used in the present study because these two regions absorb water less than the middle and posterior regions of the intestine (1) . All experiments have been approved by Animal Experiment Committee of the University of Tokyo.
Ussing Chamber Experiment
The stripped intestine was divided into three parts at the middle region (M1-M3) and a posterior part (P) just anterior to the sphincter that separates the rectum (5). Each part was opened by cutting longitudinally and mounted as a flat sheet in an Ussing chamber with an exposed area of 0.785 cm 2 . Both sides of the intestine were initially bathed with NaCl Ringer solutions. Although NaCl Ringer solution is usually used at pH 7.8 in teleost studies (e.g., 125.5 mM NaCl and 17.9 mM NaHCO 3 bubbled with a 99% O2-1% CO2 gas mixture), the PD under asymmetric condition could not be maintained at a steady level at this pH. Thus the Ringer solutions at pH 7.4 were used in this study. However, if the mucosal MgSO 4 concentration was increased to 201.4 mM for isotonicity, the PD was not maintained stably either. Therefore, mucosal MgSO4 Ringer was made with 118.5 mM MgSO4 and 82.9 mM mannitol at pH 7.4 in the present study ( Table 1) . The Mg 2ϩ and SO 4 2Ϫ concentrations of luminal fluid were 185 mM and 90 mM, respectively, in the distal intestine of seawater eels (38, 39) . After a steady state, the mucosal NaCl Ringer (2.3 ml) was replaced with MgSO 4, MgCl2, or Na2SO4 Ringer. The liquid junction potentials arisen between serosal NaCl Ringer and mucosal MgSO4, MgCl2, or Na2SO4 Ringer solutions were obtained as Ϫ1.6, ϩ2.1, or Ϫ5.8 mV, respectively, measured by inserting 2 M KCl agar bridge between the serosal and mucosal Ringer solutions. To reduce junction potentials, saturated KCl bridge is commonly used (7) . These liquid junction potentials were subtracted from the PD observed under each condition. The PD was recorded with a polyrecorder (EPR-121A; Toa Electronics, Tokyo, Japan) through a pair of electrodes (EK1; WPI, Sarasota, FL) and a voltage/current clamp system (CEZ-9100; Nihon Kohden, Tokyo, Japan) as the serosal potential with respect to the mucosa. To determine tissue resistance (Rt), rectangular pulses (20 -30 A, 500 ms) were applied across the intestinal epithelium every 2 min. From the deflection of the PD, total resistance was calculated using Ohm's law, and the Rt was obtained by subtracting fluid resistance (120 ⍀·cm 2 ) from the total resistance.
Intestinal Sac Experiment
To measure the net water and Na ϩ and Cl Ϫ fluxes, the stripped intestine was halved into middle and posterior regions. The posterior region contains P and a part of M3 (5) . One end of the intestinal tube was tied with cotton thread, and the other end was tied around a plastic funnel, through which an agar bridge was inserted to measure the PD, and the luminal fluid was sampled and replaced. Details of simultaneous measurement of PD and net water flux have been described previously (4) . After filling the luminal side with MgSO 4 Ringer, we bathed the sac in normal NaCl Ringer bubbled with 95% O2-5% CO2 gas mixture (asymmetrical condition). The liquid junction potential arisen under the asymmetric condition (Ϫ1.6 mV) was subtracted from the observed PD. The net water flux was measured gravimetrically every 15 min and described as positive in the case of absorption from mucosa to serosa. The net Na ϩ and Cl Ϫ secretion was calculated from alterations in the products of luminal Na ϩ and Cl Ϫ concentrations and of the luminal volume. The Na ϩ concentration was measured with atomic absorption spectrophotometer (Z-5300; Hitachi, Tokyo, Japan), and the Cl Ϫ concentration was measured with a chloridometer (Buchler Instrument, Fort Lee, NJ). These measurements were made after sampling 100 l of the luminal fluid every 15 min, and fresh MgSO 4 Ringer solution was replaced. The luminal volume was obtained by subtracting weight of the tare, such as the intestinal tissue and the plastic funnel, from the total weight. Osmolality of the bathing solutions was measured with a vapor pressure osmometer (5520; Wescor, Logan, UT). All experiments were performed at 20°C.
Drug Preparation
Eel GN (Peptide Institute, Osaka, Japan), 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB; Sigma, St. Louis, MO), diphenylamine-2-carboxylic acid (DPC; Wako Pure Chemical Industries, Tokyo, Japan), glibenclamide (Wako), CFTR inh-172 (Sigma), and bumetanide (gift from Sankyo, Tokyo, Japan) were used in this experiment. GN was dissolved in water at 10 Ϫ4 M, kept at Ϫ20°C, and diluted with the Ringer solution (see below) at use. NPPB, DPC, and bumetanide were dissolved in ethanol and diluted with MgSO4 Ringer at a final concentration of ethanol at Ͻ1%. Glibenclamide and CFTR inh-172 were dissolved in dimethyl sulfoxide (DMSO) at 4 ϫ 10 Ϫ2 and 6 ϫ 10 Ϫ1 M, respectively, and a final concentration of DMSO was diluted to Ͻ0.1%. One percent ethanol or 0.1% DMSO alone had no effects on the electrical parameters. 
Statistical Analyses
Statistical analyses of the data were performed using Wilcoxon signed-rank test and Mann-Whitney U-test, programmed by KyPlot (Ver. 5.0; Kyens Laboratory, Tokyo, Japan). Results are given as means Ϯ SE and considered significant if P Ͻ 0.05. Regression analysis was also performed by KyPlot.
RESULTS

Effects of GN on Ion Transport in Ussing Chamber
Time course of GN action under asymmetric condition. Transepithelial PD across the seawater eel intestine shows serosa negativity in symmetrical NaCl Ringer solutions, which is almost completely inhibited by bumetanide (Fig. 1 ). When luminal NaCl Ringer was replaced by MgSO 4 Ringer, the serosa-negative PD increased remarkably in the middle intestine even in the presence of bumetanide (Fig. 1) . This is the basal condition before GN administration in the present study. When GN was added to the mucosal side, the serosa-negative PD decreased gradually, accompanied by an increase in Rt. The GN effect was recovered slowly after washing, and the recovery was not complete. Compared with the symmetric condition with NaCl Ringer on both sides (5), the effect of GN on PD and the recovery of PD after washing were much slower in the present asymmetrical condition (Table 2) . Furthermore, the recovery after washing was complete in the symmetric condition. These differences may indicate a distinct site of action of GN revealed under symmetric and asymmetric conditions.
Effects of Na
ϩ and Cl Ϫ gradients on PD under asymmetric conditions. To determine the cause of high serosa-negative PD observed in the middle intestine under the basal asymmetric condition (luminal MgSO 4 Ringer), mucosal MgSO 4 Ringer was replaced by MgCl 2 or Na 2 SO 4 Ringer. Even in the absence of Cl Ϫ gradient across the intestinal epithelia (MgCl 2 Ringer), similar high serosa negativity was observed as in the presence of both Na ϩ and Cl Ϫ gradients (MgSO 4 Ringer), indicating that the high serosa negativity is not produced by the Cl Ϫ gradient (Fig. 2) . By contrast, absence of the Na ϩ gradients by Na 2 SO 4 Ringer almost abolished the high PD, showing that paracellular fluxes of Na ϩ across concentration gradient may be the cause of high PD (Fig. 2) . These results indicate that the Na ϩ permeability (P Na ) is much higher than the Cl Ϫ permeability (P Cl ) through the epithelial junction of the middle intestine. The Rt was higher when mucosal fluid is either MgSO 4 , MgCl 2 , or Na 2 SO 4 Ringer compared with the NaCl Ringer, indicating that Mg 2ϩ and SO 4 2Ϫ are less permeable than Na ϩ and Cl Ϫ in seawater eel intestine. Regional differences in PD under asymmetric condition. In the posterior intestine, the PD with luminal MgSO 4 Ringer was around zero (Fig. 2) . In the presence of Na ϩ gradient alone, the serosa negativity was lower than in the middle intestine, suggesting the P Na is lower in the posterior part (Fig. 2) . In contrast, the serosa positivity observed with Cl Ϫ gradient alone was higher in the posterior intestine, suggesting higher P Cl in there. As a result, P Na is similar to P Cl , which may nullify the PD to almost zero with MgSO 4 Ringer. The Rt in every 
Values are means Ϯ SE (n ϭ 7). After guanylin (GN), mucosal side was washed twice. PD, potential difference; But, bumetanide.
condition was higher in the posterior than that in the middle, particularly with both Na ϩ and Cl Ϫ gradient (Table 3) .
Effects of various Cl
Ϫ channel inhibitors. Even after bumetanide treatment, GN decreased the serosa negativity, and the GN effect was inhibited by mucosal NPPB or DPC (Fig. 3) . The effect of NPPB was slower than that of DPC. The Rt in the middle intestine also increased after GN and increased further after DPC (Table 3) . To characterize the target Cl Ϫ channel of GN, other Cl
Ϫ channel inhibitors were also tested (Fig. 4) . Except for CFTR inh -172, glibenclamide, DPC, and NPPB inhibited the GN-induced serosa-positive PD with DPC most effectively in both efficacy and swiftness (Figs. 3, 4) . Furthermore, the DPC effect was concentration dependent, with a threshold at 10 Ϫ6 M and a maximum at 5 ϫ 10 Ϫ4 M. Because these inhibitors are not specific and CFTR inh -172 was not effective in the eel intestine, the type of Cl Ϫ channel could not be determined in this study.
Effects of GN and DPC and their interaction. Ϫ secretion into the lumen produced serosa positivity, and GN further increased the serosa-positive PD. In the middle intestine, a good correlation was observed between the GN-evoked potential and the DPC inhibition; the greater the GN action, the greater was the inhibition by DPC (Fig. 5A ). This indicates that the GN action is blocked almost completely by DPC. On the other hand, a significant correlation was not observed between the effects of GN and DPC in the posterior intestine because of greater variation in the GN effects in this segment (Fig. 5B) . In some occasions, GN had little effect, but DPC evoked serosa negativity in the basal condition. Furthermore, GN shifted the PD more positively in the MgCl 2 Ringer, but DPC did not antagonize the shift (Table 3 ; Fig. 5B ), suggesting a new target of GN other than the Cl Ϫ channel. Although GN decreased the Rt in the posterior intestine, it increased Rt in the middle intestine ( Table 3 ). The Rt was always lower in the middle than the posterior part, suggesting higher paracellular ion permeability in this segment.
Effects of GN on NaCl and Water Transport in Sac Preparation
When mucosal NaCl Ringer was replaced by MgSO 4 Ringer without bumetanide in the sac preparation, the serosa-negative PD was increased, as observed in the Ussing chamber (Fig. 6) . Importantly, the replacement was accompanied by a secretion of Na ϩ and Cl Ϫ , as shown by increased luminal fluid concentrations and a decrease in water absorption (Fig. 6) . When GN was applied to the lumen, the serosa negativity was decreased as in the Ussing chamber. The Na ϩ and Cl Ϫ secretions were further accelerated, and water secretion occurred after GN (Fig.  6) . Similar results were obtained in the posterior intestine.
When NaCl Ringer was in the sac, a good correlation was observed between the net water and Na ϩ fluxes (Fig. 7A ), indicating the coupling of Na ϩ and water absorption in the presence of both Na ϩ and Cl Ϫ in the lumen. The regression line between these parameters was J H2O ϭ 5.1 J Na ϩ 23.7. From the slope of this line, Na ϩ concentration of the absorbed fluid was calculated to be 196 mM. On the other hand, a good correlation was also observed between the two parameters in the secretory conditions (luminal MgSO 4 Ringer); the slope of 
Middle intestine (8) the regression line was 1.9, and the calculated Na ϩ concentration was 526 mM (Fig. 7A) . Water absorption and secretion were also coupled with Cl Ϫ absorption; calculated Cl Ϫ concentration of absorbed fluid was 175 mM, and that of secreted fluid was 667 mM (Fig. 7B) . No difference was observed in the Na ϩ and Cl Ϫ concentration of absorbed and secreted fluid between the middle and posterior intestine.
After treatment with bumetanide, net Cl Ϫ and water secretion increased significantly, accompanied by a decrease in serosa-negative PD (Fig. 8) . Even in the presence of bumetanide, GN further enhanced the Na ϩ , Cl Ϫ , and water secretion, and these enhancements were all inhibited by DPC (Fig. 8) . A good correlation was observed between water secretion and Na ϩ secretion with a regression line of J H2O ϭ 1.8 J Na ϩ 1.6 and between water secretion and Cl Ϫ secretion with that of J H2O ϭ 3.3 J Cl ϩ 2.8 (Fig. 9) .
DISCUSSION
Transepithelial Potential Difference Under Asymmetric Condition
The luminal fluid of intestine collected from various marine teleost fishes consists of low concentrations of Na ϩ and Cl concentration is also high in the rectal fluid of seawater eels (90 mM) (39) . In the toadfish intestine, the luminal fluid also consists of high Mg 2ϩ and SO 4 2Ϫ (11) . Therefore, the basal condition used in the present study, in which the mucosal side is bathed with MgSO 4 Ringer and the serosal side with normal NaCl Ringer, simulates the in vivo situation of seawater eel intestine. High serosa-negative PD was observed in the middle intestine under this condition, which may be attributable to different rates of Na ϩ and Cl Ϫ fluxes from serosa to mucosa direction following concentration gradients. Other ions that exhibit concentration differences, Mg 2ϩ and SO 4 2Ϫ , have low permeability in the intestine of flounder (16) , rainbow trout (29) , and toadfish (11). Higher P Na than P Cl is supported by higher PD induced by Na ϩ gradient alone (mucosal MgCl 2 Ringer) than by Cl Ϫ gradient alone (mucosal Na 2 SO 4 Ringer). Unidirectional ion fluxes obtained under short-circuit condition with normal Ringer on both sides also support the higher P Na than P Cl in the seawater eel intestine (4) . Because the highserosa negativity was observed even after the electrogenic ion transport system (NKC system) was blocked by bumetanide, this PD may be evoked principally by the difference in Na ϩ and Cl Ϫ movements through the paracellular pathway as mentioned above. The presence of such paracellular movements of Na ϩ and Cl Ϫ is further supported by the P Cl /P Na ratio calculated by dilution potential, 0.60 Ϯ 0.07 for serosa-to-mucosa dilution (n ϭ 7) and 0.65 Ϯ 0.04 for mucosa-to-serosa dilution (n ϭ 8) after blocking the transcellular ion movement by ouabain (unpublished data).
Because GN nullified or even reversed the serosa-negative PD under the basal condition with luminal MgSO 4 Ringer and bumetanide, the effect can be explained in part by increased P Cl or decreased P Na . However, GN may not decrease P Na because PD was not reduced by GN when the mucosal side was in MgCl 2 Ringer, where no Cl Ϫ may move through the paracellular pathway, and because Na ϩ secretion was not reduced by GN in the sac preparation. If GN increases paracellular P Cl , the GN effect on PD should be similar with Na 2 SO 4 and MgSO 4 Ringer, where Cl Ϫ gradients are the same. However, GN-evoked PD was much smaller with Na 2 SO 4 Ringer than with MgSO 4 Ringer. Thus GN action on the paracellular pathway may be minor. 
GN Acts on Cl
Ϫ Channels on the Brush-Border Membrane
As a target transporter for GN, apical CFTR Cl Ϫ channel is a plausible candidate, as demonstrated in mammals (9) . In our previous experiment, the effect of GN on the Cl Ϫ channel was not apparent in the preparation with normal Ringer on both sides (5 (28) also showed that renoguanylin, another member of the GN family, increased Cl Ϫ and water secretion into the lumen in the posterior intestine of Gulf toadfish, Opsanus beta. Therefore, it is likely that GN peptides commonly stimulate Cl Ϫ secretion in the intestine of marine teleosts. In the previous study, we found that DPC and NPPB inhibited, not only Cl Ϫ channel, but also the NKC system to nullify the serosa negativity in the preparation with NaCl Ringer on both sides (5) . In this study, however, the inhibition by these inhibitors is not on the NKC system because the NKC system had been blocked by bumetanide. Although one downstream target of GN is CFTR Cl Ϫ channel in mammals (31), mammalian CFTR-specific inhibitor, CFTR(inh)-172, did not inhibit the GN action in the eel intestine, probably because molecular structure of eel CFTR differs from that of the mammals, as suggested in the killifish intestine (27) . It is also shown that the expression of cftr gene was extremely low in the eel intestine and was not upregulated in seawater (5).
GN was effective only when mucosal fluid contains low Cl Ϫ (MgSO 4 or Na 2 SO 4 Ringer) but not with MgCl 2 Ringer. These results show that the GN action is dependent on an electrochemical gradient for Cl Ϫ across the intestinal epithelium. Because all GN effects were abolished by mucosal DPC, GN may open Cl Ϫ channel(s) at the brush-border membrane. Indeed, GN actually enhanced Cl Ϫ secretion into the lumen in the sac preparation, and its effect was again inhibited by mucosal DPC. The failure to detect an inhibition of the GN effect by DPC in our previous study (5) may be attributable in part to the presence of high Cl Ϫ concentration in the luminal fluid. The GN-evoked changes in PD were much smaller with Na 2 SO 4 Ringer than with MgSO 4 Ringer although both contain low Cl Ϫ . The difference may be due to the smaller serosanegative PD with Na 2 SO 4 Ringer, but it is also possible that high mucosal high Na ϩ depolarized the cells, which may inhibit Cl Ϫ efflux across the brush-border membrane. In addition, high mucosal Na ϩ may elevate cellular Na ϩ concentration and inhibit Na ϩ -coupled Cl Ϫ uptake, probably by NKCC1, across the basolateral membrane of the enterocyte, as shown in the secretory-type crypt cells of mammalian intestine (6) . As the expression of the nkcc1a gene has been demonstrated in the intestine of European and Japanese eels (5, 8) , the source of Cl Ϫ from serosal fluid could be NKCC1 in eels also.
Regional Difference of the GN Effect
In the previous study using normal Ringer on both sides of the Ussing chamber, we found distinct differences in the electrophysiological responses to GN between the middle and posterior intestine (5) . In this study using simulated in vivo conditions, we also detected the difference in Rt response to GN, a decrease in the posterior intestine, and an increase in the middle intestine. The decrease in the Rt is consistent with the Cl Ϫ channel opening induced by GN, but increased Rt in the middle part is due to the GN action on other trans-and paracellular components. It is possible that GN increases paracellular resistance to increase Rt even with decreased transcellular resistance by opening of Cl Ϫ channel. The relatively long latent period of the GN effect on the Rt, around 20 min, also supports its action on the target distinct from the Cl Ϫ channel in the middle intestine. Regulation of paracellular permeability by cGMP, cAMP, or intracellular Ca 2ϩ is also suggested in the European eel intestine (36, 37) , and eel GN increases cGMP accumulation in enterocytes via eel GC-C1 and 2 (43) . It seems that the paracellular resistance is too high for GN to increase further, as evidenced by much higher Rt in the posterior intestine than in the middle intestine, and the Rt may be influenced simply by opening of Cl Ϫ channel(s) there. Furthermore, the GN effect was more variable in the posterior intestine; GN was without effect, but DPC increased PD in two out of seven eels. In these eels, it is plausible that GN might be secreted in response to luminal high MgSO 4 and/or low NaCl levels, and Cl Ϫ channel might have been open before GN treatment. Variable PD when MgSO 4 Ringer is on the luminal side may be explained in part by enhanced GN secretion under such condition although stimulus for GN secretion is not known in eels yet.
Possible Role of GN in Seawater Acclimation
Water absorption by the intestine is essential for survival in the hypertonic environment for marine teleost fishes. Indeed, water is absorbed actively together with Na ϩ and Cl Ϫ when luminal fluid is normal Ringer. Under such a high NaCl condition, GN inhibits water absorption via inhibition of the bumetanide-sensitive ion transport in the seawater eel intestine (5). In the marine teleost intestine, however, NaCl concentration decreases, and MgSO 4 concentration increases in the luminal fluid after absorption of NaCl and water (11, 13, 38, 39) . In the present experimental setup that simulates the in vivo condition, GN stimulates NaCl secretion that accompanied water secretion. Importantly, however, NaCl concentration of the secreted fluid was 526 mM Na ϩ and 667 mM Cl Ϫ , which is even higher than seawater. A similar high concentration of Cl Ϫ (460 mM) in the secreted fluid has been reported in the killifish intestine (26) . Secretion of hyperosmotic fluid is ben- eficial to survival in the excessive NaCl media and may help gill ionocytes for NaCl secretion in marine teleosts. As isotonic NaCl solution is absorbed when sufficient NaCl is present in the luminal fluid, the difference of ionic concentration in the absorbed and secreted fluids may suggest different pathways between absorption and secretion of water. These results are consistent with the hypothesis that teleosts primarily regulate body NaCl over water (31) .
Concerning physiological roles of GN in seawater adaptation, one is to remove excess NaCl from the body as discussed above. In addition, secreted NaCl into the lumen may activate the NKC system of absorptive cells (Fig. 10) and stimulate water absorption in the final intestinal segment, the rectum, after enzymatic degradation of GN (34) . The rectum of eels plays an important role in water absorption via NCC, not NKCC, and with increased luminal pressure (19) . It was shown that constriction of the sphincter between the intestine and rectum increases luminal hydrostatic pressure of the rectum and thus water absorption. A higher concentration of Cl Ϫ than that of Na ϩ in the secreted fluid is consistent with the GN activation of Cl Ϫ channels and a higher concentration of Cl Ϫ in luminal fluid in the distal segment of seawater eel intestine (Na ϩ : 4 mM, Cl Ϫ : 59 mM) (38) . Further support is a quicker recovery of the NKC system than Cl Ϫ channel after GN treatment because 40% of Cl Ϫ channels are still open even after complete recovery of the NKC system (Table 2 ). These data suggest that some Cl Ϫ secreted via the Cl Ϫ channel may be reabsorbed via the NKC system after exposure of GN, which will contribute to water absorption. Another possible contribution of GN is to evacuate the secreted high NaCl fluid together with magnesian calcites (Mg/CaCO 3 ), which is formed in the intestinal lumen by secretion of HCO 3 Ϫ (14, 40). Emptying the digestive tract will accelerate drinking seawater and enhances water absorption for seawater adaptation. GN stimulates bowel movement, and its analog has been used clinically against constipation (22) .
Perspectives and Significance
It has been shown that teleost intestine lacks the crypt-like structure of mammals and rectal gland of elasmobranchs, where secretory cells are localized (10, 23) . Therefore, the intestinal epithelial cells of teleosts are all absorptive cells, and secretion of excess NaCl is the task of ionocytes in the gills (17, 18) or rectal gland of elasmobranchs (12) . However, the present study suggests the presence of Cl Ϫ secretory cells in the seawater eel intestine by physiological experiments. Ruhr et al. (28) also demonstrated Cl Ϫ secretion into the lumen of Gulf toadfish. Marshall et al. (26) suggested the presence of a small proportion (ϳ20%) of secretory cells in killifish intestine by demonstrating apical immunofluorescence of anti-human CFTR. The presence of CFTR(inh)-172-inhibitable Cl Ϫ channel and immunoreactive CFTR has been suggested in the toadfish (28) although the inhibitor was without effect in eels. It seems that the specificity of CFTR antibody needs to be confirmed because the CFTR sequence is highly variable, and even antiserum raised against teleost CFTR is species specific (32) . Furthermore, the expression of cftr gene was very small in eel intestine compared with other functional transporters such as those in the NKC system, and the expression rather decreased after seawater acclimation (5). Thus major Cl Ϫ channels that exist on the apical membrane should be determined in the near future.
If functional secretory cells are present in the eel intestine, there should be a mechanism to take up Cl Ϫ from the basolateral side. If similar secretory cells are present in the eel intestine, as shown in the mammalian intestine (10, 30) , NKCC1 is the most likely candidate. Immunoreactive NKCC1 has been demonstrated in the basolateral side of toadfish intestine (28) . In the eel intestine, however, the expression of nkcc1 gene is even smaller than that of the cftr gene, and the level is smaller in the middle intestine than in the posterior intestine (5) . Transporters that are responsible for Cl Ϫ uptake from blood need to be identified.
Because changes in the PD observed after GN treatment cannot be explained simply by dilution potential, as discussed above, the most GN effects are considered to be on transcellular ion fluxes. However, it is likely that GN seems to affect the paracellular pathway, as suggested in this study, probably by modulating the ion transport activity of claudin and other cell adhesion molecules (35) . Trischitta et al. (36) already suggested the importance of paracellular pathway for ion transport in the European eel intestine. Further studies are awaited to elucidate the target molecule of GN in the paracellular transport and relative importance of its effect on the transcellular and paracellular pathways.
